Carbohydrates are ubiquitous biological polymers that are important in a broad range of biological processes [1] [2] [3] . However, owing to their branched structures and the presence of stereogenic centres at each glycosidic linkage between monomers, carbohydrates are harder to characterize than are peptides and oligonucleotides 4 . Methods such as nuclear magnetic resonance spectroscopy can be used to characterize glycosidic linkages, but this technique requires milligram amounts of material and cannot detect small amounts of coexisting isomers
. The structure of a glycan is described by its composition, connectivity, and configuration (Fig. 1 ). The composition (Fig. 1a) is defined by its monosaccharides, the basic building blocks of oligosaccharides. These building blocks are often stereoisomers that differ only in their stereochemistry at one particular carbon atom, as in the case of glucose (Glc) and galactose (Gal). Each monosaccharide contains multiple hydroxyl groups that can be a point of attachment for a glycosidic bond with the next building block. Thus, unlike oligonucleotides and proteins, carbohydrates are not necessarily linear, but rather can be branched structures with diverse regiochemistry (that is, with linkages between different hydroxyl groups; Fig. 1b ). In addition, a new stereocentre emerges when a glycosidic bond is formed, because two monosaccharides can be connected in two different configurations (Fig. 1c) . These a-and b-anomers are stereoisomers, even though the connectivity is identical. Anomers are diastereomers, not enantiomers, meaning that they differ in at least one, but not all, of their stereocentres; consequently, anomers may differ in their size and properties. When synthesizing oligosaccharides, managing different compositions is straightforward, because specific building blocks are added stepwise to generate the desired structure 11 . Protective groups are used to define the connectivity by allowing the selective unveiling of specific hydroxyl groups 12 , thus providing regiocontrol. In contrast, configurational control during glycosidic bond formation is the central challenge for chemical synthesis 11 . Trans-glycoside formation is aided by the use of participating protecting groups. Cis-glycoside formation, however, cannot rely on participation, and anomeric mixtures are frequently obtained 13 . The analysis of complex synthetic glycans is key to quality control but remains a major challenge. Glycan structure is typically ascertained by a combination of nuclear magnetic resonance spectroscopy (NMR) and mass spectrometry. Measuring a mass-to-charge ratio (m/z) with mass spectrometry is fast, requires very little sample and provides precise, high-resolution data about the sample composition. Detailed information regarding connectivity can be obtained following derivatization (chemical modification) and/or elaborate tandem mass spectrometry analysis 6, [14] [15] [16] . Nevertheless, with mass spectrometry it is not possible to analyse stereoisomers, since they generally cannot be distinguished from each other because of their identical atomic composition and mass. NMR experiments serve best to determine the configurational information of carbohydrates, but require large amounts of sample and are time-consuming; moreover, the resulting spectra are cumbersome to interpret when different stereoisomers need to be distinguished. In addition, the relative detection limit of 3% to 5% for larger oligosaccharides in NMR experiments is rather poor. Liquid chromatography can help to differentiate configurational isomers, but an unambiguous identification of one isomer in the presence of another is often not possible either 8 . A promising approach to overcoming these limitations is the combination of ion mobility spectrometry and mass spectrometry (IM-MS) 17, 18 . Here, carbohydrate ions are separated not only according to their mass and charge, but also on the basis of their size and shape. IM-MS measures the time that ions require to drift through a cell that is filled with an inert neutral gas such as helium or nitrogen, under the influence of a weak electric field. While drifting, compact ions undergo fewer collisions with the gas than more extended ions, and therefore traverse the cell faster. This principle can allow for the separation of species with identical mass but different structure. The sample and time requirements of IM-MS are similar to those of a conventional mass spectrometry experiment, so the additional information is obtained at no extra cost. Moreover, the measured drift time can be converted into an instrument-independent, rotationally averaged collision cross-section (CCS). IM-MS has already been proven to be of value in the structural analysis of proteins and their assemblies 19, 20 , and also showed promise in the separation of carbohydrate and glycopeptide isomers [21] [22] [23] [24] [25] [26] . Previous IM-MS studies of carbohydrates, however, were almost exclusively focused on pairs of regioisomers; data regarding the equally important compositional and configurational isomers is still lacking.
Here, we illustrate the utility of IM-MS for the in-depth structural analysis of carbohydrates by systematically investigating all types of isomerism simultaneously within one consistent and comparable set of compounds. Six trisaccharide isomers (Fig. 2a) that, owing to their similarity in structure, are difficult to distinguish using established techniques were prepared using automated glycan assembly (Extended Data Fig. 1 ) 11, 27 . The six glycans share the reducing-end lactose motif Gal(b1R4)Glc, and an aminoalkyl linker placed during automated synthesis for conjugation to carrier proteins or array surfaces. The non-reducing-end moiety was varied, to generate isomers that differ in composition, connectivity, or configuration. Each of the glycan pairs 1 1 2 and 4 1 5 share the same regiochemistry and stereochemistry of their glycosidic linkages, but differ in their composition. On the other hand, the trisaccharide pairs 1 1 4, 2 1 5, and 3 1 6 are connectivity isomers, where the terminal building block is connected through either a 1R3 or a 1R4 glycosidic linkage. Finally, the glycan pairs 2 1 3 and 5 1 6 are configurational isomers that differ in the stereochemistry of the terminal glycosidic linkage. We analysed all six carbohydrates separately as both positively and negatively charged ions, using a commercially available hybrid IM-MS instrument (see Methods) 28 . Although most previous studies focused on positive-ion adducts [21] [22] [23] [24] [25] [26] , we observed the most notable drift-time differences for deprotonated [M-H] 2 ions (Fig. 2b and Extended Data Fig. 3) . As a result, we achieve a higher separation capability, and therefore these results will be used for the analysis below. The drift times of the individual sugars were further converted into CCSs (Extended Data Table 2 ) using a previously reported calibration protocol to enable comparison 29, 30 . A comparison of the drift times and CCSs of the six trisaccharides revealed both similarities and differences (Fig. 2b) . The compositional isomers 1 and 2 exhibit drift times and CCSs that are almost identical 
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to each other; the same is true of compositional isomers 4 and 5. This observation is not surprising, given that the respective trisaccharide pairs differ only in the orientation of one hydroxyl group, at the C4 carbon atom. Such a minimal structural difference is not expected to result in a notable difference in CCS. However, the composition of carbohydrates is easily controlled during automated synthesis, because either glucose or galactose building blocks are being used. Thus, compositional differentiation is not essential for the quality control of glycan synthesis. In contrast to compositional isomers, regioisomers (1 1 4, 2 1 5, and 3 1 6) can be distinguished readily from each other on the basis of their drift times and CCSs. Here, the trisaccharides containing 1R3 glycosidic linkages exhibit larger CCSs than their 1R4-linked counterparts. Analytically, however, the most striking observations resulted from comparison of the 2 1 3 and 5 1 6 configurational isomers. a-Linked trisaccharides 3 and 6 adopt a more compact structure than do the corresponding b-linked molecules, and both sets of anomers can be clearly differentiated. While trisaccharides that differ in both regiochemistry and stereochemistry (for example, 3 and 5) exhibit similar CCSs in their respective deprotonated states, they can be distinguished in IM-MS as chloride adducts (Extended Data Fig. 3 ). In addition, deprotonated trisaccharide fragments generated from larger oligosaccharides exhibit highly diagnostic CCS values identical to those of their intact trisaccharide counterparts (Extended Data Fig. 4 ).
Although regiocontrol is well established during chemical oligosaccharide assembly, the formation of mixtures of stereoisomers is common when cis-glycosides are installed. The characterization and quality control of synthetic oligosaccharides would therefore benefit greatly from the ability to separate and identify different isoforms. We systematically analysed mixtures of connectivity and configuration isomers by IM-MS (Fig. 2c) . Strikingly, the linkage isomers (1R3 versus 1R4), as well as the a-and b-anomers, are fully baseline-separated (their peaks do not overlap). A similar quality of separation was also obtained in the quality control of a crude product mixture, where small amounts of an unintended by-product were clearly identifiable (Extended Data Fig. 6 ).
This encouraging result raises the question of whether an isomeric impurity can be not only identified qualitatively, but also determined quantitatively by IM-MS. We carried out experiments to address this question, where trisaccharide 2 was kept at a constant concentration, while the content of the corresponding anomer 3 was gradually reduced to mimic different percentages of a typical synthetic impurity (Fig. 3a) . As expected, the intensity of the IM-MS peak of trisaccharide 3 gradually declines with decreasing concentration. An impurity with a relative concentration as little as 1% is still clearly visible and exhibits a well resolved and well shaped peak; however, although a relative content of 0.1% can still be identified qualitatively, it is close to the detection limit (see Methods and Extended Data Fig. 7b ). To visualize better the large range of intensities, it is common to plot IM-MS data as a drift plot, with the drift time on the x-axis, m/z on the y-axis, and a logarithmic intensity scale (Fig. 3b) . Here, a relative concentration of 0.1% is perfectly visible even without further magnification. We also tested the linearity of the IM-MS intensity for a broad range of concentrations with mixtures of anomers 2 and 3 (Fig. 3c) . For that purpose, the relative peak area of the IM-MS signal of anomer 3 was plotted against the corresponding relative concentration. A value of 0.5 indicates an equal content of 2 and 3, while values of 0 and 1 are expected for the pure oligosaccharides, respectively. Remarkably, the Mixtures of the configurational isomers 2 and 3 were measured using IM-MS. a, The amount of isomer 2 was kept constant, while isomer 3 was diluted to yield relative concentrations of 50%, 30%, 10%, 1%, 0.1%, and 0%. Minor components with relative concentrations as low as 0.1% can still be qualitatively detected. The grey traces are magnified by the values shown. b, Threedimensional plot showing the separation of anomers 2 and 3. The intensity is plotted using a logarithmic scale and impurities of 0.1% can be clearly identified without magnification. c, Plot of the relative IM-MS intensity of isomer 3 against the corresponding relative concentration, to illustrate the dynamic range of the method. A value of 0.50 represents equal amounts of isomer 2 and 3, while values of 0 and 1 indicate the presence of only isomer 2 or isomer 3, respectively. The grey error bars correspond to the double standard deviation observed for three independent replicates.
LETTER RESEARCH plot is strictly linear over the entire range of relative concentrations from 0.01 to 0.99, and very little deviation between different replicates is observed (for details see Methods and Extended Data Table 3 ). As a result, IM-MS can be used to estimate the relative content of a minor impurity when the investigated compounds are, like anomers, similar in structure and ionization efficiency.
In summary, we demonstrate that IM-MS is a powerful tool for the structural analysis and quality control of carbohydrates. Connectivity and configurational isomers can be separated efficiently with baseline resolution, especially when deprotonated ions are used, and the relative content of isomeric impurities can be determined quickly and easily (Extended Data Fig. 6 ). To our knowledge, no other experimental technique can provide the same structural information as quickly and with such minimal sample consumption. Larger glycans are known to separate less efficiently in IM-MS (Extended Data Fig. 5 ). However, their gas-phase fragments are similar to the oligosaccharides described here (Extended Data Fig. 4 ) and can therefore serve as diagnostic features for quality control and sequencing.
The full benefit of this method will become apparent once CCS data for carbohydrates and carbohydrate fragments, derived from synthetic and biological sources, are deposited in databases. These reference data will be essential for the quick and unambiguous identification of unknown compounds. The existence of commercially available mass spectrometers will enable IM-MS to become a routine technique for non-specialists or in automated analyses. IM-MS has the potential to fundamentally change quality control and analysis in carbohydrate chemistry.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper.
METHODS
Materials. All chemicals were reagent grade and used as supplied. Before use, molecular sieves were activated by heating under high vacuum. All reactions were performed in oven-dried glassware under an argon atmosphere, unless noted otherwise. N,N-dimethylformamide (DMF), dichloromethane (DCM), toluene and tetrahydrofuran (THF) were purified in a cycle-Tainer solvent delivery system. Pre-automation steps. All elements such as the synthesizer, modules, linkerbound resin (10) , and a set of building blocks (11) (12) (13) (14) (15) (16) (17) (18) (19) were prepared (see Supplementary Information for details) . Automated glycan assembly. All automated glycosylations were performed on an automated oligosaccharide synthesizer demonstrator unit using anhydrous solvents of the cycle-Tainer solvent delivery system. Oligosaccharides 1-9 were synthesized following the schemes in Extended Data Figs 1 and 2 using sequences I to V (Extended Data Table 1) 11,27, [31] [32] [33] . Detailed synthesis information and NMR data can be obtained from the Supplementary Information. To start the synthesis sequence, the resin was swollen in 2 ml DCM. The building blocks were coevaporated with toluene three times, dissolved in DCM under an argon atmosphere, and transferred into vials that were placed on the corresponding ports in the synthesizer. Reagents were dissolved in the corresponding solvents under an argon atmosphere in bottles that were placed on the corresponding ports in the synthesizer.
Module 1: acidic TMSOTf wash. The resin is washed three times with each of DMF, THF and DCM (each 2 ml for 25 s), and then once with 0.35 ml of a solution of trimethylsilyl trifluoromethanesulfonate (TMSOTf) in DCM at 220 uC. The resin is swollen in 2 ml DCM and the temperature of the reaction vessel is adjusted to the set temperature, T a .
Module 2: glycosylation using thioglycoside. For glycosylation, the DCM is drained and a solution of thioglycoside building block (5 equivalents in 1.0 ml DCM) is delivered to the reaction vessel. After the set temperature (T a ) is reached, the reaction starts with the addition of 1 ml N-iodosuccinimide (NIS, 5 equivalents in 1.0 ml DCM) and trifluoromethanesulfonic acid (TfOH, 0.1 equivalents in 1.0 ml DCM) solution. The glycosylation is performed for time t 1 at temperature T a and for time t 2 at temperature T i . After the reaction, the solution is drained and the resin is washed with DCM (six times with 2 ml for 15 s each). This procedure is repeated twice.
Module 3: Fmoc deprotection. The resin is washed with DMF (six times with 2 ml for 15 s) and swollen in 2 ml DMF; then the temperature of the reaction vessel is adjusted to 25 uC. For fluorenylmethyloxycarbonyl (Fmoc) deprotection, the DMF is drained and 2 ml of a solution of 20% triethylamine in DMF is delivered to the reaction vessel. After 5 minutes, the reaction solution is collected in the fraction collector of the oligosaccharide synthesizer and 2 ml of a solution of 20% triethylamine in DMF is delivered to the resin. This procedure is repeated three times.
Module 4: glycosylation using phosphate. For glycosylation the DCM is drained and a solution of phosphate building block (5 equivalents in 1.0 ml DCM) is delivered to the reaction vessel. After the set temperature (T a ) is reached, the reaction starts with the addition of 1 ml TMSOTf solution. The glycosylation is performed for t 1 at T a , and for t 2 at T i . After the reaction the solution is drained and the resin is washed with DCM (six times with 2 ml for 15 s). This procedure is repeated twice.
Module 5: levulinoyl (lev) deprotection. The resin is washed with DCM (six times with 2 ml for 25 s) and swollen in 1.3 ml DCM; the temperature of the reaction vessel is adjusted to 25 uC. For levulinoyl deprotection, 0.8 ml of the hydrazine hydrate solution is delivered into the reaction vessel. After 30 minutes the reaction solution is drained and the resin is washed with 0.2 M acetic acid in DCM and DCM (six times each with 2 ml for 25 s). The entire procedure is performed three times. Purification of protected oligosaccharides. Following ultraviolet cleavage using the continuous-flow photoreactor 31 , the crude molecules were confirmed with matrix-assisted laser desorption/ionization (MALDI) and crude NMR ( 1 H, and heteronuclear single quantum coherence (HSQC) spectra, recorded on a Varian Mercury 400 (400 MHz) or 600 (600 MHz) spectrometer). In addition, the crude material was analysed by high-performance liquid chromatography (HPLC; Agilent 1100 series spectrometer; column: Luna 5 mm, silica 100 Å (260 3 4.60 mm); flow rate 1 ml min 21 ; eluents 5% DCM in hexane/5% DCM in ethyl acetate; gradient 20% (for 5 min), 60% (in 40 min), 100% (in 5 min); detection 280 nm, and evaporating light scattering detection (ELSD)). The samples were purified using preparative HPLC (Agilent 1200 series). The crude mixture was carefully dissolved in a minimum volume of DCM and 0.9 ml of 20% hexane in ethyl acetate, and injected for purification using preparative HPLC (column: Luna 5 mm, silica 260 3 10 mm; flow rate 5 ml min 21 ; eluents 5% DCM in hexane/5% DCM in ethyl acetate; gradient 20% (for 5 min), 60% (in 40 min), 100% (in 5 min); detection 280 nm, and ELSD) to afford the fully protected target oligosaccharide.
Oligosaccharide deprotection and final purification. To the solution of the fully protected oligosaccharide in methanol (0.2 ml mmol 21 of oligosaccharide), 58 ml of 0.5 M sodium methoxide (NaOMe) solution (0.25 equivalents per acetyl of benzoyl group) in methanol was added at 40 uC. The reaction was monitored by mass spectrometry until it was completed, then neutralized by 200 mg of Amberlite (400 mg per 100 ml NaOMe solution). After filtering off the suspension, the crude mixture was dissolved in methanol, ethyl acetate, and acetic acid (5:0.5:0.2, by volume), followed by the addition of 5% palladium on carbon (Pd/C) (50% by weight 5 Pd/oligosaccharide), and was then purged first with argon and then with hydrogen, and left to stir overnight at room temperature under balloon pressure. The reaction mixture was filtered through modified cellulose filter and washed with 20ml water/methanol (9:1 in volume); the combined solution was evaporated under vacuum to provide the crude material. This material was analysed by reverse-phase HPLC (column Hypercarb (150 3 4.60 mm); flow rate 0.8 ml min
21
; eluents 0.1% formic acid in acetonitrile/0.1% formic acid in triple-distilled water; gradient 0% (for 10 min), 30% (in 30 min), 100% (in 5 min); detection ELSD). Subsequently the crude solution was purified by preparative reverse-phase HPLC (column Hypercarb, (150 3 10.00 mm); flow rate 3.6 ml min
; eluents 0.1% formic acid in acetonitrile/0.1% formic acid in triple-distilled water; gradient 0% (for 10 min), 30% (in 30 min), 100% (in 5 min); detection ELSD) to afford the unprotected oligosaccharide. All compounds were characterized by NMR, and high-resolution mass spectral analyses were performed using an Agilent 6210 electrospray ionization-time-of-flight spectrometer (Agilent Technologies). For details see Supplementary Information. IM-MS. IM-MS experiments were performed on a travelling-wave quadrupole/ ion mobility/orthogonal acceleration time-of-flight mass spectrometer, Synapt G2-S HDMS (Waters Corporation) 28 , which was mass-calibrated before measurements using a solution of caesium iodide (100 mg ml -1 ). IM-MS data analysis was performed using MassLynx 4.1, DriftScope 2.4 (Waters Corporation), and OriginPro 8.5 (OriginLab Corporation) software. For IM-MS analysis, compounds 1-9 and the crude mixture 5/30 were each dissolved in water/methanol (1:1 by volume) to a concentration of 1-10 mmol l
. A nano-electrospray ionization source was used to ionize 3-5 ml of sample from platinum-palladiumcoated borosilicate capillaries prepared in-house. Typical settings were: source temperature, 20 uC; needle voltage, 0.8 kV; sample cone voltage, 25 V; cone gas, off. The ion mobility parameters were optimized to achieve maximum resolution without excessive heating of the ions upon injection into the ion mobility cell. Values were: trap gas flow, 2 ml min
; helium cell gas flow, 180 ml min
; ion mobility gas flow, 90 ml min
; trap direct-current bias, 35 V; ion mobility wave velocity, 800 m s
; ion mobility wave height, 40 V. For MS/MS experiments the trap collision energy was increased to 30-60 V.
IM-MS spectra of each individual carbohydrate and three trisaccharide mixtures (6 1 3, 3 1 2 and 5 1 6) were recorded separately in positive-and negativeion mode. Drift-time distributions were extracted from raw data using MassLynx and drift times were determined manually via Gaussian fitting using Origin 8.5. For the measurement of the individual carbohydrates, the m/z signal intensity was kept at approximately 10 3 counts per second to avoid saturation and subsequent broadening of the corresponding drift peak (for an example see Extended Data  Fig. 7 ). To avoid discrimination of a minor component, an average signal intensity of 10 4 counts per second was used for the semiquantitative assessment of mixtures (Extended Data Fig. 7b ). Under these conditions, minor components with relative concentrations below 1% can still be detected qualitatively, but a semiquantitative assessment is no longer possible. For unknown mixtures, we therefore suggest acquiring data at both high-and low-intensity settings when possible. At high intensity, minor components with relative concentrations below 1% can be qualitatively detected, while the low-intensity case typically yields a better ion mobility resolution and enables a semiquantitative assessment (Extended Data Fig. 7 ). In addition, an acquisition at different intensity settings can help to evaluate mixtures in which the isomers cannot be fully resolved. For broad and inconclusive drifttime distributions, a comparison with neighbouring peaks of similar mass and charge can furthermore be used to distinguish between overlapping and saturated peaks 29 . CCS estimations were performed using an established protocol and dextran as calibrant (dextran1000, number average molecular weight 1,000; and dextran5000, number average molecular weight 5,000; Sigma Aldrich) 29, 30 . The calibration solution consisted of 0.1 mg ml 21 dextran1000, 0.5 mg ml 21 dextran5000, and 1 mM NaH 2 PO 4 in water/methanol (1:1 by volume). The calibrant and each sample were measured on a travelling wave Synapt instrument at five wave velocities in both positive-and negative-ion mode. Drift times were extracted from raw data by fitting a Gaussian distribution to the drift-time distribution of each ion and corrected for their m/z-dependent flight time. CCS reference values 30 for dextran were corrected for charge and mass, and a logarithmic plot of corrected CCSs against corrected drift times was used as a calibration curve to estimate CCSs. One LETTER RESEARCH calibration curve was generated for every wave velocity and each ion polarity. The resulting five estimated CCSs for each sample ion were averaged. These measurements were repeated three times and the averaged values for different ions are presented in Extended Data Table 2 . The reported error corresponds to the standard deviation obtained for three independent replicates. Semiquantitative analysis of trisaccharide mixtures. For the semiquantitative analysis of anomeric trisaccharide mixtures, a quantification experiment was performed using isomers 2 and 3. Stock solutions of 2 and 3 with identical concentration were prepared in water/methanol (1:1 by volume). Each stock solution was diluted individually to yield relative concentrations of 80%, 56%, 43%, 25%, 11%, 5%, 1%, 0.1%, and 0.01%. The serial dilutions were used to obtain isomer mixtures with concentration ratios [3] / [2] 1 [3] between 0 and 1 (see Extended Data Table 3 ). A value of 0.5 represents equal amounts of 2 and 3, while 0 and 1 indicate the presence of only 2 or only 3, respectively.
To achieve constant experimental conditions, we performed the semiquantitative analysis on a Synapt instrument equipped with an online nano-electrospray ionization source that was coupled to an ACQUITY ultraperformance liquid chromatography system (Waters). Settings were: eluents 0.1% formic acid in methanol/0.1% formic acid in water at a constant rate of 50%, flow rate 8 ml min 21 , sample injection 10 ml. Data were acquired in negative-ion mode with following settings: source temperature 80 uC, needle voltage 2.7 kV; sample cone voltage 25 V, desolvation temperature 150 uC, cone gas 0 l h 21 , nanoflow gas 1.3 bar, purge gas flow 500.0 ml h
. Ion mobility parameters were: trap gas flow, 0.4 ml min
, helium cell gas flow 180 ml min 21 , ion mobility gas flow 90 ml min 21 , trap directcurrent bias 45 V, ion mobility wave velocity 800 m s
; ion mobility wave height 40 V.
Extraction of the drift-time distribution of the 588.4 m/z ion showed two separate drift times, each of which corresponded to one of the two isomers. The area under the drift-time distribution is related to the concentration of the sample. Therefore, the theoretical concentration ratio was compared to the ratio of the drift-time peak areas (A) such that the relative intensity is A(3)/A(2) 1 A(3) (Fig. 3c) . A linear correlation was observed, demonstrating the semiquantification of one isomer in the presence of another, down to contents of 1% of the minor component. Relative concentrations between 1% and 0.1% were still qualitatively detectable, but a determination of the relative content was no longer possible owing to detector saturation caused by the major component. different species in positive-and negative-ion mode. The CCS difference between the most compact and the most extended isomer of each set is given as a percentage. Small CCS differences are observed in positive-ion mode (a, b), which makes an unambiguous identification of the trisaccharides difficult. The largest CCS differences are observed using deprotonated ions (c), allowing the identification of linkage isomers (for example, 3 1 6) and stereoisomers (for example, 2 1 3). A clear identification of regioisomers with a terminal 1R3 or 1R4 glycosidic bond can be obtained for chloride adducts (d). 2 5 588 ions. The collisioninduced dissociation fragment arising from deprotonated 7 exhibits an drift time and CCS identical to those of the intact deprotonated trisaccharide 6. This indicates that glycans and glycan fragments with identical structures also exhibit identical CCSs. Seen from a broader perspective, this highlights the exceptional potential of negative-ion CCSs to be used as a diagnostic parameter for glycan sequencing.
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G2015 Macmillan Publishers Limited. All rights reserved Extended Data Figure 5 | IM-MS differentiation and identification of the hexasaccharides 8 (black) and 9 (red). As deprotonated ions, 8 and 9 show almost identical drift times and therefore cannot be distinguished. However, smaller collision-induced dissociation fragments containing five, four, or three monosaccharide building blocks (m/z 1,017, 832, and 652, respectively) exhibit highly diagnostic drift times. At m/z 832, a double peak is observed for the branched oligosaccharide 8 (inset, black trace), because two isomeric fragments are formed. Both fragments can be detected simultaneously using IM-MS, with cleavage at the 3-antenna being clearly preferred. The disaccharide fragments at m/z 467 and 364 are identical for 8 and 9 and consequently exhibit identical drift times. 1 and [M 1 Na] 1 ions at high (upper panels) and low (lower panels) signal intensity. The given average ion count per second corresponds to the signal detected for the major isotope peak. High signal intensities result in peak broadening and reduced ion mobility resolution, whereas a considerably improved separation is achieved at lower intensity. b, Drift-time distributions of [M-H] 2 ions from a mixture of ,1% 4 and .99% 2. Measurements at high signal intensity can be used to qualitatively detect 4. At low intensity, however, 4 is discriminated and no signal can be detected.
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